The discovery of effective hydrogen storage materials is fundamental for the progress of a clean energy economy. Ammonia borane (H 3 BNH 3 ) has attracted great interest as a promising candidate but the reaction path that leads from its solid phase to hydrogen release is not yet fully understood. To address the need for insights in the atomistic details of such a complex solid state process, in this work we combine ab-initio molecular dynamics with metadynamics to study the early stages of AB dehydrogenation. We show that the formation of ammonia diborane (H 3 NBH 2 (µ−H)BH 3 ) leads to the release of NH + 4 , which in turn triggers an autocatalytic H 2 production cycle. Our calculations provide a model for how complex solid state reactions can be theoretically investigated and rely upon the presence of multiple ammonia borane molecules, as substantiated by standard quantum-mechanical simulations on a cluster.
Introduction
One of the major obstacles to a wider application of hydrogen as energy vector is the development of safe and efficient storage media [1, 2] . For this reason, chemical storage is considered to be a viable alternative and, amongst chemical hydrides, one of the most studied candidates continues to be ammonia borane (H 3 BNH 3 , AB) Fig. 1 (a) .
The AB molecule presents a high gravimetric hydrogen density and is isoelectronic to ethane H 3 C − CH 3 , with the crucial difference of having a weaker dative boron-nitrogen bond whose energy is less than one third of ethane's carbon-carbon bond strength [3, 4, 5] . The polar nature of the B-N bond makes the N-H hydrogen atoms protic and the B-H hydrogen atoms hydridic. It forms a stable molecular solid at room temperature and its polarity leads to the formation of strong intermolecular dihydrogen bonds N-H δ + · · · δ − H-B [6] that significantly influence the properties of such a compound.
When close to its melting point of T m ∼ 370K, solid AB exhibits enhanced mobility [7, 8] and, after an induction time that depends on preparation, H 2 molecules are released [1, 9, 10] . The system can generate as much as one H 2 per formula unit and what is left is a disordered mixture of polymeric (−H 2 BNH 2 −) n aminoboranes (PAB) that further decompose [5] .
In spite of intense experimental efforts [11, 12, 13] , there is no general consensus on how dehydrogenation proceeds. In the early stages of dehydrogenation, the formation of diammoniate of diborane [7] and ammonia diborane (H 3 NBH 2 (µ−H)BH 3 , AaDB) Fig. 1 (b) [14] has been reported.
Standard gas phase quantum-chemical calculations have been performed on what have been hypothesized to be the initial dehydrogenation steps [15, 16, 17] . Theoretical and experimental findings support the hypothesis that, in the first step, one of the B-N bonds must be broken, leading to dimeric species formation [18, 11, 12] . The details of the mechanism by which molecular hydrogen is further released, however, are still unclear [10, 5] .
This somewhat uncertain scenario has prompted us to simulate a periodically repeated system at temperatures close to T m . Simulations of crystals give, indeed, a more realistic description of the environment in which the actual reaction takes place. Furthermore, they fully take into account the very large anharmonic effects and the changes that take place in the environment as the reaction proceeds. These effects proved to be crucial to obtain a clear picture of the steps leading to the initial H 2 release.
Performing straightforward ab-initio molecular dynamics however would not be sufficient. In fact, very high kinetic barriers separate the different reaction steps. For this reason, we have carried out a large number of exploratory metadynamics simulations [19, 20, 21, 22] . In these runs, extreme care has been taken to avoid prejudging the simulations' outcome by not specifying a priori which of the molecules in the solid is more prone to react.
As a result of such exploration, we have discovered a bewildering variety of possible reaction channels taking place at different stages of the dehydrogenation process. From all this wealth of data, we have extracted a picture in agreement with experiments [7, 23, 5] Fig. 1 (f) , in analogy with the famous CH + 5 carbocation [24] in which protons continuously scramble. A key event paving the way to many of the crucial steps of the reaction is the formation of three-centre two-electron bonds [25] . The subsequent dynamics of ABH + strongly depends on the environment and can generate a number of products along with the release of H 2 .
All the key pathways identified by the metadynamics simulations have been reproduced by using standard quantum-mechanical calculations. It is highly rewarding that some of the transition states (TSs) could be recovered, provided that a sufficiently large number of molecules is taken into account to mimic the environment. Such a study could not have been possible without the insights coming from the ab-initio metadynamics simulations.
Simulation Methods
The simulations started from the perfect crystal arrangement [9] of 16 AB molecules with periodic boundary conditions. We ran ab-initio molecular dynamics on the code CP2K [26] and used the PBE functional [27] . The system was kept at a temperature of 400 K via a velocity rescaling thermostat [28] . At such a temperature, the timescale required for crossing the dehydrogenation energy barrier is inaccessible to molecular dynamics simulations.
To overcome this limitation, we used metadynamics [19, 20, 21, 22] in its Well-Tempered (WT) version as implemented in the PLUMED plugin [29] . In such a way, sampling of the configuration space is enhanced so that the occurrence of chemical reactions is facilitated and takes place in an affordable computational time. In WT metadynamics this is achieved by applying on the fly a bias potential that depends on a selected number of collective variables (CVs), the choice of which is of great importance.
The CVs are functions of the atomic coordinates and are meant to describe the system's slow degrees of freedom whose fluctuations eventually lead to the reactive process. In the choice of CVs, we did not prejudge the outcome of the reaction or the identity of the atoms involved, so that reactions are free to take place on any equivalent site of the system. A detailed description of the CVs used to simulate the various reaction steps can be found in the Supporting information (SI).
In complex situations, we combined a large number of CVs into a smaller one using the recently developed HLDA method [30, 31] . In other cases where the system is unlikely to return to the reactant basin, we calculated the rates of the forward reaction using infrequent metadynamics [32, 33] .
Quantum-chemical DFT calculations have been carried out using the Gaussian 09 suite of programs, employing the hybrid Becke three-parameter exchange functional [34] and the Lee-Yang-Parr correlation functional [35] B3LYP, including dispersion corrections for non-bonding interaction through the Grimme approach [36] . Standard 6-311+G** Pople basis sets have been used to describe all the atoms. A cluster of 9 AB molecules has been used to simulate the complex environment of a melting solid. More details can be found in the SI.
Results
In our search for a dehydrogenation pathway, we have observed a number of reactions involving different reactants and products. These are described in the SI, while here we report only the steps that lead the solid to an autocatalytic step that we believe to be the main avenue to H 2 production. We started the simulations by heating the system to T = 400 K and then introduced a bias to facilitate the first B-N bond cleavage. The free energy surface (FES) is reported in Fig. (S.1) as a function of the two driving CVs representing the B-N bond stretch and the formation of a hydrogen bridge between boron atoms.
The corresponding lowest free energy (FE) path is shown in Fig. (2) . For clarity, in the diagram only some representative molecules are depicted, without explicitly showing the surrounding AB molecules. The reciprocal molecular positions shown in the TSs are accurate and correspond to configurations observed in the simulations, while the molecular positions of the minima are just illustrative.
Along the reaction path, in the initial step a couple of molecules change their relative orientation such that two BH 3 groups face each other (AB*). As a consequence of this change of orientation, also seen in experiments [7, 8] , a number of stabilizing dihydrogen bonds are broken, allowing the reaction
to occur. The B-N bond breaking is facilitated by the formation of the AaDB key intermediate and of a NH 3 moiety. This is in agreement with experiments that have detected the presence of AaDB in the earlier dehydrogenation phases [14] . The barrier height for this TS, that is the highest in our scheme, is in line with kinetic experiments [5] .
The reaction proceeds according to the scheme
overcoming lower energy barriers and leading to the formation of monomeric aminoborane (H 2 BNH 2 , AB2) Fig. 1 (c) , a compound prone to oligomerization [16] . For this step to occur, it is required that the NH 3 molecule comes close to the AaDB nitrogen to allow a proton transfer from AaDB to NH 3 and the cleavage of the hydrogen bridge between the boron atoms to, ultimately, form AB2, BH cation that we name ammoniaborocation (ABH + ). One of the most prominent features of this step is once again the appearance of a three-centre two-electron bond.
The structure of ABH + is better described statistically, as the identity of the hydrogen atoms participating in the H 2 -like bond changes continuously. Thus, we look at the distribution of H-H and B-H distances for the H atoms bound to the boron in ABH + . The H-H radial distribution function in Fig. (3) (a) clearly displays a short distance peak corresponding to the fluxional H 2 , while the other hydrogens contribute to the longer distance peaks. Also the B-H bond lengths vary, with the ones relative to H 2 being longer, as shown in Fig. (3) (b) .
The fate of the unstable ABH + depends on the environment, as a large number of alternative reaction channels is viable. Eventually, all routes lead to the release of H 2 with the production of a number of possible compounds, among which AB2, NH + 4 , DADB, AaDB or BH 5 . The latter has a fluxional nature analogous to the one of the ammoniaborocation [37] . Among the many paths, the autocatalytic process shown in Fig. (4) 
clearly plays a dominant role.
In this work, rather than studying each route individually, we have thought it more useful to calculate the lifetime of the state where NH By employing infrequent metadynamics [32, 33] , we estimated τ ∼ 0.8 ms, as shown in the distribution of dehydrogenation events in Fig. (4) (b) . The presence of multiple dehydrogenation routes can explain the complex composition of the residue experimentally detected [5] . A list of the observed reactions is given in the SI.
It is remarkable that, even though dehydrogenation could in principle start from any molecule in the system, all the observed events originate from the action of the ammonium ion. Indeed, by manually excluding NH could be observed, albeit with significantly higher energy barriers.
In order to validate our results and assess the effect of using a different exchange and correlation functional, we have performed standard static quantum chemistry simulations. These calculations proved to be capable of locating the minima and TSs described earlier, provided that a sufficiently large number of molecules was explicitly included to mimic an extended environment. Indeed, our calculations have been performed on a cluster of 9 AB molecules and the resulting free energy profile is shown in Fig. (5) . Only the first TS (TS1) has been previously intercepted by Nguyen et al. [15] in simulations involving two AB molecules, whereas for all the other TSs a larger number of molecules has been required. 
Conclusions
Our findings provide an answer to the long-standing problem of how solid state AB releases H 2 close to melting and also represent a methodological scheme for uncovering the most viable reaction channels From that state, whose mean lifetime we estimated to be in the millisecond range, dehydrogenation can proceed through a number of channels. All of these channels start from NH + 4 leading to the formation of the fluxional compound ABH + and some of them are autocatalytic. The complex nature of the dehydrogenation reaction can explain the large product distribution that is experimentally detected. An analogous path could be described in terms of minima and TSs through static calculations, provided that enough AB molecules are taken into consideration to mimic an extended environment.
